Influenza places a significant health and economic burden on society. Efficacy of seasonal influenza vaccines can be suboptimal due to poor matching between vaccine and circulating viral strains. An influenza vaccine that is broadly protective against multiple virus strains would significantly improve vaccine efficacy. The highly conserved ectodomain of matrix protein 2 (M2e) and 3′3′ cyclic GMP-AMP (cGAMP) were selected as the antigen and adjuvant, respectively, to develop the basis for a potential universal influenza vaccine. The magnitude and kinetics of adaptive immune responses can have great impact on vaccine efficacy. M2e and cGAMP were therefore formulated within acetalated dextran (Ace-DEX) microparticles (MPs) of varying degradation profiles to examine the effect of differential vaccine delivery on humoral, cellular, and protective immunity. All Ace-DEX MP vaccines containing M2e and cGAMP elicited potent humoral and cellular responses in vivo and offered substantial protection against a lethal influenza challenge, suggesting significant vaccine efficacy. Serum antibodies from Ace-DEX MP vaccinated mice also demonstrated cross reactivity against M2e sequences of various viral strains, which indicates the potential for broadly protective immunity. Of all the formulations tested, the slowest-degrading M2e or cGAMP MPs elicited the greatest antibody production, cellular response, and protection against a viral challenge. This indicated the importance of flexible control over antigen and adjuvant delivery. Overall, robust immune responses, cross reactivity against multiple viral strains, and tunable delivery profiles make the Ace-DEX MP platform a powerful subunit vaccine delivery system.
Introduction
Influenza poses considerable impact worldwide, both on community health and the economy. The Centers for Disease Control and Prevention estimate that between 9.2 and 35.6 million people become infected with the flu in the United States each year, with up to 710,000 hospitalizations and 56,000 flu-associated deaths [1] . Annual influenza outbreaks also cause substantial economic burden totaling more than $87 billion from direct medical costs and projected loss of earnings [2] . Vaccination represents the most effective public health measure at preventing influenza infection. However, the effectiveness of seasonal influenza vaccines varies widely from season to season and can be as low as 10%, as was experienced in 2004 [3] . Low efficacy can be based oil-in-water emulsions (MF59 or AS03), AS04 (3-O-desacyl-4′-monophosphoryl lipid A (MPL) adsorbed to alum), AS01 B (liposomal MPL and the saponin QS-21), and CpG 1018 are currently the only FDAapproved adjuvants [6] [7] [8] . Each of them has significant drawbacks. For instance, alum, MF59, and AS03 all induce Th2-biased humoral immunity, and are unable to induce significant cellular immunity required for many intracellular pathogens such as influenza [9] . AS04 includes many of the drawbacks of alum and does not offer controlled delivery of MPL. The vaccine formulation containing CpG 1018 requires 3 mg of the agonist, which is highly impractical for broad application. Given the drawbacks of these adjuvants, including their limited ability to provide a balance of humoral and cellular immunity, alternative ones are needed. The family of cyclic dinucleotides (CDNs) are an attractive option because they have potent immunostimulatory properties and the ability to induce strong humoral and cellular responses [10, 11] . Due to these advantageous properties, soluble CDNs have previously been used in several seasonal flu vaccine formulations [12] [13] [14] [15] [16] [17] [18] . Since the cytosolic location of STING (stimulator of interferon genes) limits the accessibility of its charged CDN agonists, several groups, including us, have designed CDN-loaded drug delivery systems to enable more efficient delivery in various biological models [11, [19] [20] [21] [22] [23] [24] [25] .
The system we used is based on the biopolymer acetalated dextran (Ace-DEX). Via a one-step reaction, Ace-DEX can be synthesized from FDA-approved dextran [26] [27] [28] . When formulated into drug delivery systems, Ace-DEX microparticles (MPs) are acid-sensitive, stable under elevated temperatures, and can passively target antigen-presenting cells (APCs) based on particle size [29, 30] , making them advantageous for subunit vaccines and other immunomodulatory applications [11, 31, 32] . Moreover, Ace-DEX MPs have tunable degradation rates, which provide them with unique advantages compared to other delivery platforms. Based on the polymer synthesis reaction time, varying degrees of cyclic or acyclic acetal group coverage (i.e., relative cyclic acetal coverage, CAC) can be achieved [33] . By controlling MP CAC or polymer molecular weight, degradation half-lives can range from hours to months. Despite some flexibility in degradation kinetics of delivery vehicles formulated using other acid-sensitive polymers, such as poly(β-amino) esters (PBAEs), poly(ortho esters) (POEs), or polyketals, modulating degradation half-lives is achieved mostly through less straightforward chemical modifications or using polymer blends [34] [35] [36] .
Considering the distinct timelines of processes and signaling pathways that are involved between vaccine administration and development of protective immunity (e.g., trafficking/distribution of vaccine components, antigen processing, generation of memory response), kinetics of antigen and adjuvant delivery can have a substantial impact on immune activation and vaccine outcomes [37] [38] [39] [40] [41] . Conventional delivery methods (e.g., alum) that slowly release antigen and adjuvant with little control over their delivery kinetics may be suboptimal [42, 43] . Ace-DEX MPs, on the other hand, enable flexible, precise control over antigen and adjuvant delivery, and can provide a tool to examine in vitro and in vivo immune activation kinetics, as well as optimize peak and duration of humoral and cellular immunity.
We have previously demonstrated that antigen-loaded Ace-DEX MPs of lower CAC resulted in higher antigen cross-presentation [27] , and adjuvant-loaded Ace-DEX MPs with certain CACs achieved greater immunostimulation [44] . When using MPs of varying CACs in a model vaccine composed of the antigen ovalbumin (OVA) and adjuvant nucleotide-binding oligomerization domain-containing protein 2 (NOD2) agonist murabutide, we have demonstrated controlled humoral and cellular immune responses [45] .
Because Ace-DEX MP degradation half-life appears to have an effect on humoral and cellular responses, this study aims to identify the optimal degradation rate of M2e (antigen)-and CDN 3′3′-cGAMP (adjuvant)-loaded Ace-DEX MPs. Release kinetics of cGAMP from Ace-DEX MPs with varying CACs were characterized under both neutral (pH 7.4) and acidic (pH 5.0) conditions. To evaluate the effect of controlled antigen or adjuvant delivery on immune activation kinetics, we vaccinated mice with M2e or cGAMP MPs of different CACs and examined the magnitude and kinetics of humoral and cellular responses in vivo over a 10-week period. Protective efficacy of Ace-DEX MP vaccines was evaluated through a lethal influenza viral challenge. Finally, the potential for cross-reactivity against multiple flu strains was determined through endpoint antibody titers against M2e sequences of different viral origins.
Materials and methods

Materials
The M2e consensus peptide (SLLTEVETPIRNEWGCRCNDSSD, isoelectric point pH 3.95), the A/Puerto Rico/8/34 and A/Victoria/3/75 M2e sequence (SLLTEVETPIRNEWGCRCNGSSD, isoelectric point pH 4.15) [46, 47] , the A/Hebei/19/95 M2e sequence (SLLTEVETPIRN-EWECRCNGSSD, isoelectric point pH 3.99) [46] , and the A/Thailand/ SP-83/04 and A/Vietnam/1203/2004 M2e sequence (SLLTEVETPTR-NEWECRCSDSSD, isoelectric point pH 3.84) [47, 48] were synthesized by CS Bio (Menlo Park, CA). Underlined amino acids indicate differences from the consensus sequence. Peptide isoelectric points were determined using GenScript's Peptide Property Calculator [49] . 3′3′-cGAMP (cGAMP) and the MF59-like squalene oil-in-water emulsion vaccine adjuvant AddaVax was purchased from InvivoGen (San Diego, CA). Purified influenza virus A/Puerto Rico/8/1934 (PR8; Charles River) was diluted in ultra-pure PBS, aliquotted, and stored at −80°C to generate mouse infection stocks. All other reagents were purchased from Sigma-Aldrich (St. Louis, MO) and used unmodified unless otherwise noted. In the presence of Ace-DEX polymer or MPs, basic water (pH 9.0) containing 0.04% v/v triethylamine (TEA) was used to minimize polymer degradation.
Synthesis and characterization of acetalated dextran
Ace-DEX was synthesized and characterized following previously published literature [33] . To obtain 'low,' 'medium,' and 'high' CAC, dextran (from Leuconostoc mesenteroides, average molecular weight of 70 kDa) was reacted with 2-ethoxypropene (Matrix Scientific, Elgin, SC) for 3, 22, or 1440 min. Polymer CAC was determined to be 'low' (18-20%), 'medium' (39-42%), or 'high' (60-62%) using 1 H nuclear magnetic resonance (NMR) spectroscopy. These polymers will be referred to as Ace-DEX (20%), Ace-DEX (40%), or Ace-DEX (60%) in the manuscript for simplicity.
Formulation of blank, M2e-, or cGAMP-loaded microparticles
Ace-DEX MPs were fabricated using a double-emulsion water/oil/ water (w/o/w) solvent evaporation method [32] . Ace-DEX polymers of varying CAC (200 mg) were dissolved in ethyl acetate (2 mL) and mixed with PBS (400 μL) containing M2e (the M2e consensus peptide SLLT-EVETPIRNEWGCRCNDSSD) and/or cGAMP (1 mg). This mixture was homogenized for 30 s at 21,000 RPM (IKA T25 Digital Ultra-Turrax, Cole Parmer, Vernon Hills, IL), 12 mL poly(vinyl alcohol) (3%, PVA) was added, and the mixture was homogenized for another 30 s. The emulsion was stirred for 3 h in 0.3% PVA, before the particles were collected via centrifugation at 24,000 x g at 4°C for 10 min (Thermo Scientific Sorvall Legend XTR centrifuge, Waltham, MA). The pellet was washed twice with basic water, and then frozen and lyophilized for 2 days prior to analysis. Blank MPs were prepared following the same procedure using Ace-DEX (40%) without the addition of any antigen or adjuvant. All Ace-DEX MPs were prepared using methods to keep endotoxin levels low, these methods included using freshly prepared solutions and clean glassware that was soaked in 1.0 M sodium hydroxide prior to use.
Physical characterization of Ace-DEX MPs
The diameter and polydispersity index of Ace-DEX MPs were measured by dynamic light scattering (Brookhaven NanoBrook 90Plus Zeta Particle Size Analyzer, Holtsville, NY) and reported as mean diameter by number [33] . MP zeta potential was measured using the same instrument. Scanning electron microscopy (SEM) images were also obtained to examine the size and morphology of these MPs using an S-4700 Cold Cathode Field Emission Scanning Electron Microscope (Hitachi High-Technologies, Krefeld, Germany). Endotoxin content of all MP sets was assessed using the Pierce LAL Chromogenic Endotoxin Quantitation Kit following the manufacturer's protocol (Thermo Scientific, Waltham, MA). All endotoxin levels were undetectable (< 0.125 EU/mg), well within the limits of many preclinical formulations [50] .
Quantification of encapsulated M2e and cGAMP
Encapsulation efficiencies of M2e and cGAMP were measured using high performance liquid chromatography (HPLC) (Agilent 1100 series HPLC, Santa Clara, California). MPs were dissolved in triplicate in water:acetonitrile ( 
Release profiles of cGAMP-loaded MPs of varying CACs
cGAMP-loaded MPs of varying CACs were resuspended in triplicate in either PBS (pH = 7.4) or 0.3 M acetate buffer (pH 5.0) and incubated at 37°C on a shaker plate (150 rpm). The solution was vortexed to mix at 0.5, 2, 4, 7, 24, 48, 72, and 168 h before an aliquot was collected. The aliquots were centrifuged at 24,000 x g for 15 min. At hour 168, an aliquot was removed from the vortexed solution and any remaining MPs were dissolved with ethanol. This sample represented the total amount of cGAMP (100% release). Samples were lyophilized and then dissolved in the initial HPLC mobile phase (water:acetonitrile (75:25, v/v) with 0.1% TFA) for cGAMP quantification. The percentage of cGAMP release was calculated based on the absorbance signal for complete degradation of the respective MP set at the last time point. (Table S1 ). To test humoral and cellular responses as well as animal survival upon viral challenge, different immunizations were administered, including PBS, solM2e, solM2e with squalene emulsion, solM2e with cGAMP MPs (60%), M2e MPs of various CACs (20%, 40%, or 60%) with cGAMP MPs (60%), and MPs containing both M2e and cGAMP (M2e/cGAMP MPs (60%)) ( Table S2 ). The same amount of M2e (10 μg) or cGAMP (1 μg) was administered by adjusting the particle dose. Blank MPs were delivered at the same dose as the highest amount of particles needed to deliver the M2e and cGAMP doses. The AddaVax squalene emulsion was mixed 1:1 with solM2e in sterile PBS per the manufacturer's protocol, and all MP groups were resuspended in sterile PBS immediately prior to intramuscular injection (50 μL) into the caudal thigh muscle. Previously we have shown that encapsulated cGAMP is significantly more effective than soluble cGAMP, so in this study it was not used as a control [11] .
In vivo vaccination
Antibody titer analysis
Sera were collected via submandibular bleeding on Day −7, 14, 28, 42, and 70 (time relative to prime injection). The samples were processed by centrifugation at 1500 x g for 10 min at 4°C and analyzed for anti-M2e IgG, IgG1, and IgG2a antibody titer. High-affinity 96-well plates were coated with 5 μg/mL M2e overnight. After being washed three times with 0.05% Tween 20 in PBS, plates were blocked with 3% w/v bovine serum albumin (BSA) for 1 h at room temperature, followed by three more washes. Dilutions of serum samples were added and incubated for 2 h at room temperature. After three washes, HRP-conjugated anti-IgG, anti-IgG1, or anti-IgG2a secondary antibody (Southern Biotech, Birmingham, AL) was applied for a 1 h incubation. 3,3′,5,5′-tetramethylbenzidine (TMB) solution was added to each well after three washes, and the plates were developed for 6 min before 1 M sulfuric acid was added. Absorbance at 450 nm was measured with a 630 nm background correction. Antibody titers were determined to be the highest dilution factor that generated signals greater than three times the value of the buffer-alone control.
Ex vivo antigen recall analysis
Mice were euthanized on Day 28 post prime vaccination, spleens were harvested, and single cell suspension splenocytes were cultured in a 96-well plate (1 × 10 6 cells per well) at 37°C with 5% CO 2 and 100% relative humidity. Splenocytes were stimulated with 10 μg/mL M2e for 24 h, before supernatants were analyzed for interferon (IFN)-γ, interleukin (IL)-2, and IL-6 production via ELISA following the manufacturer's protocol (eBioscience, San Diego, CA). The background signal for media-treated cells were subtracted from all groups when calculating cytokine concentration. An enzyme-linked immunosorbent spot (ELISpot) assay was conducted using a separate population of harvested splenocytes. Cells were cultured in pre-coated 96-well plates and stimulated with 10 μg/mL M2e for 24 h, before the number of IFN-γ and IL-2 producing cells were determined per the manufacturer's protocol (eBioscience, San Diego, CA). Background levels for un-stimulated cells were subtracted from all groups.
Virus titration, influenza viral challenge, and mouse survival analysis
PR8 stock titers were determined by standard focus forming assay. Briefly, serial dilutions of stock were inoculated onto Mandin-Darby Canine Kidney (MDCK; ATCC® CCL-34™) cells and incubated in the presence of an Avicel (FMC BioPolymer) based overlay. Plates were then fixed, and viral foci were detected immunocytochemically via sequential incubation with anti-influenza A nucleoprotein clones A1 and A3, a HPR conjugated goat anti-mouse IgG (KPL) and TrueBlue™ peroxidase substrate (KPL). Viral stock titers were expressed as focus forming units per mL (FFU/mL).
Mice were immunized as stated above and challenged on Day 56 after the prime vaccination. Animals were anesthetized with intraperitoneally injected Avertin (0.15-0.2 mL), which was sterile filtered (0.2 μm) and contained 2-2-2 tribromoethanol (40 mg/mL) and 2-methyl-2-butanol (4% v/v) in PBS. PR8 virus (10,000 ffu) was administered via intranasal infection (20 μL) followed by a secondary PBS instillation (10 μL) to assist in complete delivery to the lungs. Animal weight and monitoring of body condition (e.g., animal activity) was assessed daily for 14 days. A 20% loss of body weight or a moribund body condition were used as survival endpoints.
Evaluation for cross reactivity against different peptide sequences
Sera were collected on Day −7, 14, 28, 42, and 70 relative to the prime vaccination. Samples were processed as stated earlier and analyzed for IgG, IgG1, and IgG2a antibody titers against the three additional M2e sequences corresponding to A/Puerto Rico/8/34 (H1N1) 
Statistical analysis
Statistical analyses were performed using GraphPad Prism software (La Jolla, CA) with groups indicated in figures. All data points were included in calculations of means or statistical significance, which was defined with a p-value of < 0.05. Representative results from statistical tests can be found in Supporting Information.
Results and discussion
Ace-DEX MPs enables tunable release of encapsulated cargos
Encapsulation efficiency and final weight loading of M2e-and/or cGAMP-loaded Ace-DEX MPs are listed in Fig. 1A . M2e encapsulation efficiencies were comparable to previously reported studies formulating M2e-expressing vesicular structures, such as virus-like particles (50-54%) [51] or bacterial outer membrane vesicles (38%) [52] , within poly (lactic-co-glycolic acid) (PLGA) particles made by similar double emulsion methods. The cGAMP EEs were also similar to other cGAMPloaded polymeric particles [11, 19, 21] and substantially higher than liposomal formulations encapsulating CDNs [22] [23] [24] 53] . Blank, M2e-, and cGAMP-loaded MPs of various CACs shared similar size, zeta potential, and morphology (Fig. 1A, B , and S1). Average diameters of all MP sets fell within the range appropriate for phagocytosis by antigen presenting cells (0.2-3 μm) [54] [55] [56] , and were not statistically different from each other.
Because cGAMP is highly hydrophilic, likely forcing rapid diffusion from drug delivery vehicles, we wanted to investigate the ability to tune its release kinetics from Ace-DEX MPs of various CACs. Faster cGAMP release was observed from MPs of lower CAC under both neutral and acidic pH conditions ( Fig. 2 and Table S3 ). At pH 7.4, 20% CAC MPs exhibited a 77.3% burst cGAMP release, compared to a 60.4 or 39.4% burst for the 40 or 60% CAC MPs. The 20% CAC MPs reached 100% release by 24 h, while 69 or 46% drug was released from the other MPs by the same timepoint. The inverse relationship between adjuvant burst release and MP CAC is likely attributed to the lower CAC MPs' faster greater degradation rate. Ace-DEX of lower CAC contains a higher relative ratio of the kinetic product (acyclic acetal) versus the thermodynamic product (cyclic acetal), thereby degrading more rapidly [33] . This provides the possibility of controlling immune stimulation, which is more advantageous than other cGAMP loaded vehicles that offer little flexibility of release kinetics at neutral pH [19, 21] . The same trend between cGAMP release and MP CAC held true under acidic conditions, where the adjuvant was released much more rapidly than at pH 7.4. This accelerated release was due to acid-sensitive degradability of Ace-DEX MPs, which is advantageous for vaccines as it enables efficient cargo delivery and immune stimulation after lysosomal escape [27] . Similar release profiles of encapsulated cGAMP were previously observed by us when cGAMP was loaded into 40% CAC Ace-DEX MPs formulated via electrohydrodynamic spraying [11] . In that study, approximately 80% or 100% of encapsulated cGAMP was released 4 h after incubation in neutral or acidic cell media environments, respectively. Similar to the cGAMP Ace-DEX MP release profiles, tunable Ace-DEX MP degradation enables controlled release of various encapsulated cargo [33, 45] , suggesting the same holds true for M2e as well.
Ace-DEX MPs induce controlled humoral responses via tunable antigen and adjuvant delivery
M2e antibody production plays an essential role in generating immunity against influenza [5] . Because Ace-DEX MPs of various CACs enable tunable release of encapsulated cargos, we tested how differential antigen and adjuvant delivery affects the magnitude and kinetics of humoral antibody immune responses. After vaccination with Ace-DEX MPs of various CACs loaded with M2e and/or cGAMP (Table S1 ), M2e-specific antibody levels (IgG, IgG1, and IgG2a) were measured. In general, higher antibody titers were observed for mice receiving M2e MPs of higher CACs (Fig. 3 and S2 , statistics are indicated in Tables  S4-6 ). For instance, IgG, IgG1, and IgG2a levels were all higher for mice vaccinated with M2e MPs (60%) + cGAMP MPs (20%), compared to those receiving M2e MPs (20 or 40%) + cGAMP MPs (20%). The correlative relationship between MP CAC and humoral immunity suggests that M2e MPs of higher CAC, which have longer degradation half-lives [28] and likely more sustained M2e release profiles [45] , result in stronger immune responses compared to the faster degrading MP counterparts. Although the data demonstrates that M2e MP CAC had a fairly pronounced effect on humoral responses, the correlation between antibody titer and cGAMP MP CAC was not as definitive. For example, mice vaccinated with M2e MPs (40%) and cGAMP MPs (40%) had higher mean titers compared to M2e MPs (40%) and cGAMP MPs (60%). Despite this trend, these differences were not statistically significant (Table S4 ). The data therefore suggests that anti-M2e antibody production was more dependent on antigen release kinetics. The advantage of more sustained antigen delivery is further supported by the observation that all encapsulated M2e groups generated significantly higher antibody titers compared to solM2e administrated either alone, or with blank or cGAMP MPs (Fig. 3) . This is a similar finding that others have reported when vaccinating with solM2e versus M2e formulated within liposomes [57] , onto gold nanoparticles [58] , or with M2e-expressing bacterial outer membrane vesicles encapsulated in PLGA MPs [52] . In our study, encapsulated M2e also induced higher Th1-biased IgG2a production compared to solM2e or solM2e administered with MF59-like AddaVax, which may be attributed to enhanced antigen cross-presentation via MP encapsulation [27] . This more balanced Th1/Th2 response is similar to previous findings [59] and particularly beneficial for fighting influenza viral infections [60] [61] [62] [63] . Together these findings highlight the Ace-DEX MP delivery platform's strength and corroborate the importance of having more sustained vaccine delivery for inducing strong humoral responses.
It is interesting to note that the relationship between immune activation kinetics and antigen or adjuvant delivery using Ace-DEX MPs with various CACs is different than prior observations. We previously encapsulated the model antigen OVA and adjuvant murabutide within Ace-DEX MPs of varying CACs to examine their effect on humoral response kinetics [45] . When delivering OVA, MPs of lower CAC showed greater antibody production. These discrepancies may be attributed to different kinetics of antigen processing with a protein versus a peptide. Unlike the high CAC cGAMP MPs offering optimal immune activation, the previous Ace-DEX study also demonstrated that murabutide-loaded MPs of lower CAC exhibited higher humoral responses at earlier timepoints, while MPs of higher CAC generated stronger immunity at later timepoints [45] . This could be attributed to activation kinetics of different pathogen recognition receptors (STING versus nucleotidebinding oligomerization domain-containing protein 2) [33, 44] . Furthermore, different mouse strains were also used in these Ace-DEX studies (BALB/c versus C57BL/6), potentially also contributing to the observed variations in immune activation kinetics in relationship to MP CAC. The differences in these comparisons may imply that each antigen and adjuvant have unique rates of processing that would need to be individually optimized for each vaccine, and that a single CAC Ace-DEX MP is not inclusive to all vaccine formulations.
Ace-DEX MP platform continues to exhibit advantages relative to other delivery systems. Similar to previous Ace-DEX studies, co-polymer systems such as PLGA or polyanhydrides have shown diverse results with respect to control over humoral responses. PLGA MPs with slower antigen release rates have outperformed their faster-releasing liposomal counterparts [64] , while this trend in antibody responses was not observed between polyanhydride systems [65] . Mixed polymer systems have also been used to achieve tunable immune activation. Feng et al. used a mixture of three MP sets each composed of different PLGA copolymers for attempted control of humoral immune responses [66] . Despite increased antibody titers over soluble antigen, there was no clear advantage of the MP mixture over any single MP component alone. Wang et al. showed varied antibody responses of DNA antigenloaded POE MPs [67] . Although humoral immunity could be adjusted in these studies, this flexibility was based on less straightforward polymer chemistry or blends, or the use of multiple MP sets. Overall, our Ace-DEX MP system continues to act as an exciting platform for achieving tunable humoral activation using a single-polymer formulation.
To further evaluate the importance of distinct kinetics on vaccine antigen and adjuvant delivery, M2e and cGAMP co-encapsulated within the same MPs were compared to the components individually encapsulated within separate vehicles. Because the cohorts vaccinated with M2e MPs (60%) showed the most promising results in the previous experiments, M2e and cGAMP were co-loaded within 60% CAC MPs and mice were vaccinated following the study design found in Table S2 . The trend between antibody titer and CAC of M2e MPs was consistent with the previous experiment (Figs. 3 and 4) , with stronger titers observed for higher CAC. Moreover, Fig. 4 suggests a significant advantage of separately encapsulated MPs' (M2e MPs (60%) + cGAMP MPs (60%)) ability to induce potent antibody production (Figs. 4 and S3, statistics are indicated in Tables S7-8) in comparison to the coloaded MPs. This may be due to separately encapsulated MPs reaching a broader cell population, resulting in more robust and broad cellular activation that led to greater downstream antibody production. The advantage of separately encapsulated antigens and adjuvants has also been previously observed by others using non-tunable delivery systems [68] [69] [70] . Ilyinskii et al. demonstrated that a model ovalbumin (OVA) antigen delivered in separate particles from the TLR 7/8 agonist R848 demonstrated higher antibody titers. In a similar model system, Kasturi et al. co-encapsulated OVA with both TLR 4 (MPL) and 7 (R837) agonists. They showed inferior antibody responses with the co-encapsulation formulation compared to separately encapsulated OVA and MPL/ R837. In another study, separate encapsulation of the HIV antigen gp120 and adjuvants led to greater IgG antibody subtypes than co-encapsulation. In these studies, authors suggested that separate encapsulation also provides a formulation advantage, because it enables modular delivery of two components. Our study would suggest that the tunable Ace-DEX MP platform provides yet another level of modularity.
Ace-DEX MPs of different CACs promote tailored cellular immunity
Because cellular immune responses are also crucial for establishing immunity against influenza [71] , we investigated the ability to maximize these responses using Ace-DEX MPs with various CACs. When restimulated with M2e, splenocytes from mice immunized with M2e MPs of higher CACs (40% or 60%) generated significantly higher levels of IFN-γ, IL-2, and IL-6 than mice vaccinated with M2e MPs (20%) (Fig. 5A-C) . Larger numbers of IFN-γ or IL-2 expressing splenocytes were also observed for mice vaccinated with the same M2e MPs (40% or 60%) (Fig. 5D and E) . Furthermore, cellular responses were greatly enhanced for encapsulated compared to soluble M2e and were significantly greater for M2e-loaded Ace-DEX MPs versus the benchmark solM2e/MF59-like squalene emulsion formulation. This can be attributed to Ace-DEX MPs' advantageous acid-sensitivity that drives enhanced APC activation [44] , antigen cross-presentation [27] , and cellular immunity [67] . This direct correlation between MP CAC and cellular immune responses echoes the trend observed for antibody production. In particular, these results with cellular immunity reflecting the higher IgG2a production observed for slower degrading M2e MPs suggest a more balanced Th1/Th2 response. While others have not investigated how differing M2e release profiles from nano/ In contrast to the current study, our previous study indicates that lower CAC Ace-DEX MPs encapsulating OVA generated greater cellular immunity [45] . Unlike the high CAC cGAMP MPs offering optimal immune activation, the previous Ace-DEX study also demonstrated that low CAC murabutide-loaded MPs led to higher cellular immunity. Similar to the reasons provided with the humoral immunity discussion, different antigen processing, adjuvant signaling pathways, and mouse strains all could have contributed to the discrepancies. Moreover, this indicates that each antigen and adjuvant require fine-tuning for optimal immune activity.
In addition to showing the strength of M2e formulation for increasing cellular immunity, we also demonstrated that groups immunized with M2e and cGAMP encapsulated within separate MPs generated comparable levels of inflammatory cytokines and numbers of cytokine-expressing cells to the co-loaded MP group (Fig. 5) . Previous research has suggested that an antigen and adjuvant need to be present in the same endocytic compartment to induce maximal antigen presentation [74] . Other researchers have confirmed this hypothesis by showing more potent T cell responses with co-encapsulation [75] . Our observation agrees with other findings that showed co-encapsulated and separately loaded particles demonstrated similar cellular immunity [41, 68] . Based on these varying results, further studies would be needed to determine whether co-existence of both M2e and cGAMP in the same endocytic compartments are leading to the observed cytokine responses.
Ace-DEX MPs protect mice against lethal influenza challenge
To evaluate the protective effect of Ace-DEX MP vaccines, mice were challenged with the PR8 influenza virus one month after the boost immunization. The M2e MP + cGAMP MP-vaccinated groups exhibited substantially enhanced survival over the un-immunized PBS control or the benchmark M2e + MF59-like squalene emulsion formulation (Fig. 6 ). Since mice were vaccinated with the M2e consensus peptide, which contains one mismatch to the PR8 sequence, protection against a PR8 challenge suggests some cross-reactivity of the M2e and cGAMP MP vaccine. It is also important to note slower-degrading M2e MPs (40% or 60%) exhibited significantly stronger protection compared to the fast-degrading counterpart (M2e MPs (20%)). The more robust protection is likely attributed to the enhanced humoral and cellular immunity observed for M2e MPs (40% or 60%), suggesting the importance of sustained adjuvant and antigen delivery at establishing more protective immunity against influenza infection. Moreover, M2e Experimental groups were phosphate-buffered saline (PBS), soluble M2e (solM2e), solM2e + MF59-like AddaVax (solM2e + squalene), M2e-loaded microparticles (M2e MPs (20, 40 , or 60%)) + cGAMP-loaded MPs (cGAMP MPs (60%)), or MPs containing both M2e and cGAMP (M2e/cGAMP MPs (60%)). All MPs were composed of acetalated dextran (Ace-DEX), and percentages indicate Ace-DEX MP relative cyclic acetal coverages. The M2e and cGAMP doses were 10 μg and 1 μg, respectively. Statistical significance is presented as *p < .05, **p < .01, and ***p < .001, performed using a one-way ANOVA. Data are presented as mean ± standard error of the mean (n = 5). Representative images of wells are included in (D, E) for each vaccination group. (20, 40, or 60%)) + cGAMP-loaded microparticles (cGAMP MPs (60%)), or MPs containing both M2e and cGAMP (M2e/cGAMP MPs (60%)). All MPs were composed of acetalated dextran (Ace-DEX), and percentages indicate Ace-DEX MP relative cyclic acetal coverages. The M2e and cGAMP doses were 10 μg and 1 μg, respectively. Mice were challenged on Day 56, monitored for up to 14 days, and euthanized upon 20% loss of their starting weight. Statistical significance with respect to PBS is presented as **p < .01 and ***p < .001. Statistical significance with respect to M2e/cGAMP MPs (60%) is presented as †p < .05 and † †p < .01. Statistical significance with respect to solM2e + squalene is presented as ‡p < .05 and ‡ ‡ ‡p < .001 (n = 14-15). Statistical analysis was performed using the Log-rank Mantel-Cox Test.
and cGAMP encapsulated within separate MP vehicles (M2e MPs (40% or 60%) + cGAMP MPs (60%)) showed substantially higher protective efficacy than the co-loaded group, which was in accordance with the enhanced antibody and cytokine production observed (Figs. 4 and 5) . This is because a combination of strong humoral and cellular responses is likely required for successful protection against the flu [4] . Superior protection with separately encapsulated antigen and adjuvant was also previously observed by us in a preclinical Anthrax model [59] .
The observed protection against PR8 is comparable to other published studies using M2e delivery vehicles. In one of these studies, a hydrophobic moiety-modified consensus M2e was co-encapsulated with MPL in liposomes [72] . In two other studies, Tao et al. used a chemically-modified M2e conjugated to gold nanoparticles and adjuvanted them with soluble CpG [58, 76] . Other M2e delivery systems [52, 73, 77 ] also demonstrated similar protection, but like the other studies did not offer modulation of immune response kinetics. Furthermore, they had significantly different experimental designs than our study, emphasizing the robustness of the current challenge model. The studies required either two booster injections, went by less stringent survival criteria (25% vs. 20% weight loss), included multiple conserved antigens, and/or had less robust challenge models (PBS-immunized controls with much longer median survival times). Some of their challenge experiments were also performed sooner (7, 14, or 21 days after the boost) compared to our study (28 days following the boost), which indicates potentially more prolonged protective ability of the Ace-DEX MP vaccines.
Sera from vaccinated mice generate cross reactivity against variant M2e sequences
To further examine the potential strength of an Ace-DEX MP vaccine, cross-reactivity of antibodies against non-consensus M2e sequences from phylogenetically different flu strains was assessed. When tested against the M2e sequences of A/Puerto Rico/8/34 (H1N1, Group 1) and A/Victoria/3/75 (H3N2, Group 2), which both contain 1 mismatch to the consensus, high antibody titers were observed from sera collected 28 days post prime vaccination (Fig. 7) . A potent antibody response was also observed when sera were tested against the M2e sequence for A/Hebei/19/95 (H3N2, Group 2), which contains 2 mismatches to the consensus. Finally, when tested against an M2e sequence of 3 mismatches, associated with A/Thailand/SP-83/04 and A/ Vietnam/1203/2004 strains (H5N1, Group 1), robust humoral immunity was also demonstrated. Reactivity against sequences from both group 1 and 2 influenza A viruses by Ace-DEX MP vaccines underscores the potency of the formulation, indicating its promising potential as a universal influenza vaccine platform. Besides the substantial cross-reactivity against various M2e sequences, the positive relationship between humoral response and MP CAC was generally true for various M2e antigens tested, further emphasizing the tunable immune activation kinetics for multiple influenza viral strains (Table S9) . Co-encapsulated MPs again yielded substantially lower antibody levels, supporting the importance of separate antigen and adjuvant delivery.
Although other researchers have also demonstrated reactivity of immune sera with divergent M2e sequences, our system is advantageous due to more robust responses using just a single M2e sequence for immunization and potentially safer formulations. Fan et al. immunized with multiple M2e sequences associated with several H1N1 or H3N2 strains, and then showed reactivity against sequences containing many mismatches [46] . Although Tompkins et al. vaccinated with the consensus M2e and showed some cross-reactivity against M2e sequences with either 1 or 3 mismatches, the reactivity against the 3-mismatch H5N1 strain M2e sequences was much less robust than the H1N1 PR8 M2e sequence [48] . Mice in both of these studies were also vaccinated with reactogenic Complete Freund's adjuvant and Incomplete Freund's adjuvant [78] , which cannot be applied in humans due to their toxicity. While others have demonstrated vaccine robustness by showing antibody reactivity against various whole flu viruses, multiple M2e sequences were used for immunization [73, 79] .
Conclusions
We demonstrate M2e-and cGAMP-encapsulated Ace-DEX MPs induce robust humoral and cellular immune responses and provide effective protection against a lethal influenza infection in a mouse model. The Ace-DEX MP delivery platform enables controlled activation of both humoral and cellular responses. MPs offering more sustained release profiles (60% CAC) trended toward higher antibody titers, cytokine production, a greater number of inflammatory-cytokine producing cells, and the most protection against a viral challenge. Considering the significant effect of flexible, distinct control over immune activation, the Ace-DEX platform allows for optimization of the kinetics and magnitude of protective immunity for the disease of interest. This enables the potential for improved safety and efficacy of subunit vaccines. To the best of our knowledge, we are the first group to show the impact of tunable immune activation via a biomaterial-based delivery platform on animal survival following a lethal pathogen challenge. Moreover, antibodies generated because of vaccination are cross-reactive against variant antigens from different virus origins, suggesting these vaccines could provide universal protection. Kinetics of immune activation and its role in different disease models will be explored in the future to facilitate our understanding of controlled vaccine delivery. Different challenge models will also be explored to further support the potential universal protective efficacy of the Ace-DEX MP vaccine. (20, 40 , or 60%)) + cGAMP-loaded microparticles (cGAMP MPs (60%)), or MPs containing both M2e and cGAMP (M2e/cGAMP MPs (60%)). All MPs were composed of acetalated dextran (Ace-DEX), and percentages indicate Ace-DEX MP relative cyclic acetal coverages. Pertinent groups received 10 μg M2e and 1 μg cGAMP. Statistical significance is presented as *p < .05, performed using a one-way ANOVA. Data are presented as mean ± standard error of the mean (n = 5).
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